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The transcription factor Ikaros family consists of ﬁve zinc-ﬁnger proteins: Ikaros, Aiolos, Helios, Eos and
Pegasus; these proteins except Pegasus are essential for development and differentiation of lympho-
cytes. However, in B lymphocytes, the physiological role of Helios remains to be elucidated yet, because
its expression level is very low. Here, we generated the Helios-deﬁcient DT40 cells, Helios/ , and
showed that the Helios-deﬁciency caused signiﬁcant increases in transcriptions of four protein kinase
Cs (PKCs); PKC-d, PKC-e, PKC-Z and PKC-z, whereas their expressions were drastically down-regulated
in the Aiolos-deﬁcient DT40 cells, Aiolos/ . In addition, Helios/ was remarkably resistant against
phorbol 12-myristate 13-acetate (PMA)/ionomycin treatment, which mimics the B cell receptor (BCR)-
mediated stimulation. In the presence of PMA/ionomycin, their viability was remarkably higher than
that of DT40, and their DNA fragmentation was less severe than that of DT40 in the opposite manner for
the Aiolos-deﬁciency. The resistance against the PMA/ionomycin-induced apoptosis of Helios/ was
sensitive to Rottlerin but not to Go6976. In addition, the Helios-deﬁciency caused remarkable up-
regulation of the Rottlerin-sensitive superoxide (O2
)-generating activity. These data suggest that Helios
may contribute to the regulation of the BCR-mediated apoptosis and O2
-generating activity, via
transcriptional regulation of these four PKCs (especially PKC-d) in immature B lymphocytes. Together
with previous data, our ﬁndings may signiﬁcantly help in the understanding of the B lymphocyte-
speciﬁc expressions of PKC genes and molecular mechanisms of both the BCR-mediated apoptosis
involved in negative selection and the O2
-generating system in immature B lymphocytes.
& 2011 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
The normal development of B lymphocytes requires various
transcription factors, including E2A [1], EBF1 [2], Pax5 [3], PU.1
[4], Ikaros family proteins [5,6] and so on [7,8]. The Ikaros family
consists of ﬁve zinc-ﬁnger proteins: Ikaros, Aiolos, Helios, Eos and
Pegasus; these proteins except Pegasus are essential for develop-
ment and differentiation of lymphocytes [9,10]. They play impor-
tant roles as tumor suppressors; their down-regulation causes
leukemias and lymphomas in mice [6,11–13]. Ikaros family
transcription factors participate in the control of intracellular
signaling pathway mediated by B cell receptor (BCR) [14–19].
For instance, Ikaros critically regulates the pre-BCR-mediated cell
cycle arrest, and also promotes tumor suppression through its
cooperation with downstream molecules of the pre-BCR signaling; PKC, protein kinase C; PMA,
H. Kikuchi).
Y-NC-ND license. pathway in acute lymphoblastic leukemia cells [15]. The disrup-
tion of Aiolos in mice showed that most splenic B lymphocytes
were differentiated to follicular mature B lymphocytes, suggest-
ing that BCR-delivered maturation signals are enhanced [17]. On
the other hand, although Helios is constitutively expressed in
hematopoietic tissues [9], it is mainly detected in T lymphocytes
after differentiation and involved in T lymphocyte development
and function [9,20–23]. Helios is also expressed in B lymphocytes
[9,24,25], and silencing of Helios is critical for normal function
of B lymphocytes [24]. However, the physiological role including
BCR-signaling of Helios in B lymphocytes remains to be
elucidated.
Gene targeting techniques using chicken immature B cell line
DT40 [26] are excellent methods to study physiological functions
of various genes in immature B lymphocytes [27–29]. Concerning
study on the BCR-signaling, Ikaros-deﬁciency in DT40 induced the
BCR-signaling defect with reduced phospholipase C-g2 phosphor-
ylation and impaired intracellular calcium mobilization [16]. In
addition, disruption of Aiolos in DT40 caused drastic acceleration
of the BCR-mediated apoptosis [18,19]. We also revealed that lack
H. Kikuchi et al. / Results in Immunology 1 (2011) 88–94 89of Aiolos accelerated apoptosis mediated by the BCR stimulation
through transcriptional regulation of protein kinase Cs (PKCs) and
elevation in cytochrome c release [19]. Recently, interestingly,
it was reported that Helios is expressed even in DT40 [29]. These
results suggest that Helios may also participate in controlling the
BCR-signaling pathway of DT40, as well as Ikaros and Aiolos.
Therefore, to clarify the function of Helios in the BCR-signaling
pathway, we generated and analyzed the Helios-deﬁcient DT40
mutant, Helios/ . Our results showed that Helios may regulate
BCR-mediated apoptosis via controlling gene expression of sev-
eral PKCs. In immature B lymphocytes, cross-linking of BCR
induces their apoptosis, but antigen binding to BCR triggers their
activation and proliferation [30,31]. Therefore, cross-linking of the
BCR in immature B lymphocytes is thought to function as a
mechanism to exclude self-reactive B cell clones (negative selec-
tion), although the regulation mechanisms of BCR-mediated
apoptosis still remain unclear. In addition, we also report that the
O2
-generating activity is regulated by Helios in DT40. These novel
ﬁndings should proﬁt to clarify the participations of Helios in
molecular mechanisms of negative selection and B cell-speciﬁc
regulation of the O2
-generating system in immature B lymphocytes.2. Materials and methods
2.1. Materials
PMA, Go6976 and Rottlerin (Calbiochem, Darmstadt, Germany),
ionomycin (Sigma, St Louis, MO) were obtained.Fig. 1. Generation of the Helios-deﬁcient mutants Helios/ . (A) Genomic organiz
disruption of the ﬁrst (Targeted allele 1) and second alleles (Targeted allele 2) of
appropriate designations. White boxes indicate drug resistance cassettes: hygromyci
indicated by a gray bar. Only relevant restriction sites are indicated. Possible relevan
(B) Southern blotting of homologous recombination events in the Helios gene. Genom
homozygous mutants Helios/ . The HindIII fragments were analyzed with probe Hel
independent Helios/ , and the Helios mRNA level was determined by semiquantita
numbers of PCR.2.2. Generation of Helios-deﬁcient DT40 cells
We constructed Helios-disruption vectors as follows (Fig. 1A).
Partial genomic Helios DNA fragments were obtained from DT40
genomic DNA by means of PCR based on nucleotide sequences
from the Web Bursal database and conﬁrmed by the PCR sequen-
cing protocol. The upstream fragment, an EcoRI/BamHI digested
2.8-kb PCR fragment (obtained using sense primer 50-GATTG-
TAAGGAACAAGAGCCTGTGATGGAC-30 from exon 7 and antisense
primer 50-TCTGGATCCTGGATAGCCAAGTCTCATGAC-30 from exon
8 (BamHI site was underlined)), and the downstream fragment, an
AscI/XhoI digested 1.9-kb PCR fragment (obtained using sense
primer 50-TTAGGCGCGCCAGCTGATACAGTCTCAAAT-30 from exon
8 and antisense primer 50-ACTCTCGAGTGAAGTTGGGGTAGTTCC-
30 from intron 8 (AscI and XhoI sites were underlined)) were
transferred into the pBluescript II vector. Two cassettes, carrying
hygromycin and blasticidin S resistance genes, transcribed by the
chicken b-actin promoter, were inserted between the upstream
and downstream arms. Transfection was carried out essentially as
described [32,33].2.3. Southern blotting
Genomic DNAs were digested with HindIII, separated in a 0.8%
agarose gel, transferred to a Hybond Nþ membrane, and then
hybridized with 32P-labeled probe Helios (see Fig. 1A) as
described [32,33].ation and schematic diagram of the homologous recombination resulting in
the chicken Helios gene. Locations of exons are indicated by solid boxes with
n resisitance (hyg) and blasticidin S resistance (bsr). Location of probe Helios is
t fragments obtained from HindIII digestion are shown with their lengths in kb.
ic DNAs were prepared from DT40, two heterozygous mutants Helios/þ and two
ios. (C) Semiquantitative RT-PCR. Total RNAs were extracted from DT40 and two
tive RT-PCR as described in Section 2. Numbers under the panels indicate cycle
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DT40 cells and all subclones were cultured essentially as
described [19,32–36]. Apoptosis was induced as follows. Cells
(2106) in 10 ml of culture medium were incubated with
10 ng/ml PMA plus 1 mM ionomycin at 37 1C up to 24 h. Treat-
ments with inhibitors Go6976 or Rottlerin were carried out as
follows. Cells (2106) in 10 ml of culture medium were treated
with each inhibitor (1 mM) at 37 1C for 1 h, and thereafter
incubated with 10 ng/ml PMA and 1 mM ionomycin at 37 1C for
24 h in the presence of the PKC inhibitors. Viable cells were
counted by the trypan blue dye exclusion method. DNA fragmen-
tation assay was carried out as described [37].
2.5. Semiquantitative RT-PCR
Total RNAs were isolated from DT40 and all subclones.
Semiquantitative RT-PCR was performed using sense and anti-
sense primers for appropriate genes, which were synthesized
according to the sequence data deposited in GenBank as
described [32–34]. Chicken GAPDH gene was used as internal
controls. PCR products were subjected to 1.5% agarose gel elec-
trophoresis. Data obtained by semiquantitative RT-PCR before
reaching the plateau were analyzed by Image Gauge software
Proﬁle mode (densitometrical analysis mode) using a luminescent
image analyzer LAS-1000plus (Fujiﬁlm, Tokyo, Japan).
2.6. Assay of superoxide generation
O2
 was quantiﬁed by measuring chemiluminescence using
Diogenes-luminol chemiluminescence probes [36,38]. Cells in PBS
containing 1 mM MgCl2, 0.5 mM CaCl2, 5 mM glucose and 0.03%
BSA were stimulated with 200 ng/ml PMA at 37 1C, and the O2

generation was measured by a TD-20/20 luminometer (Promega).**
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Fig. 2. Helios-deﬁciency inﬂuences expressions of various PKC genes. Total RNAs
were extracted from DT40, Aiolos/ and two independent clones 1 and 2 of
Helios/ , and mRNA levels of PKC genes were determined by semiquantitative
RT-PCR using appropriate primers. Chicken GAPDH gene was used as an internal
control. The gel images obtained were analyzed by Image Gauge software Proﬁle
mode using a luminescent image analyzer LAS-1000plus. Data calibrated with the
internal controls are indicated as percentages of control values obtained from
DT40 (indicated by dotted line), and represent the average of three separate
experiments obtained from Aiolos/ (solid bars), two independent clone-1 (open
bars) and -2 (stripped bars) of Helios / . Error bars indicate standard deviation.
*Po0.05, and **Po0.01 indicate signiﬁcant difference compared with control
values obtained from DT40.3. Results
3.1. Generation of homozygous Helios-deﬁcient DT40 mutants
To generate Helios-deﬁcient DT40 mutants, Helios/ , we ﬁrst
transfected DT40 cells with the targeting construct carrying
hygromycin resistance gene (Fig. 1A). After integration of this
targeting vector into one Helios allele, the stable positive trans-
fectants were selected based on both the resistance to hygro-
mycin and the generation of the hybridized 7.3-kb HindIII
fragment with probe Helios, in addition to the endogenous 4.0-
kb HindIII fragment (Fig. 1B). One of these clones (/þ) obtained
was chosen for second round of transfection with the targeting
construct carrying blasticidin S resistance gene. As expected, in
the two analyzed clones (clones-1 and 2 of Helios/), the probe
Helios newly hybridized to the 5.3-kb HindIII fragment, in addi-
tion to the 7.3-kb HindIII fragment, with disappearance of the
endogenous 4.0-kb HindIII fragment (Fig. 1B). Similar results were
obtained with many other Helios/ clones (data not shown).
Helios isoforms were not expected to be detected in resulting
gene-targeted clones, since they lack exon 8 of the chicken Helios
gene (corresponding to exon 7 of the human Helios gene [9]),
encoding the C-terminal ﬁngers mediating dimerization, which
are contained in all Helios isoforms. To determine whether or not
Helios was really disrupted in these DT40 mutants, we measured
the steady-state level of Helios mRNA by semiquantitative RT-PCR
using primers corresponding to the exon 8. As expected, no band
was detected for the homozygous mutants, Helios/ tested
(Fig. 1C). The growth rate of Helios/ clones was not changed
(data not shown).3.2. Inﬂuences of the Helios-deﬁciency on gene expressions of PKCs
Ikaros family members including Helios can dimerize with
themselves and/or other members, and are transcribed as several
isoforms based on alternative splicing [9]. As the expression level
of Helios was very low in DT40 (see many PCR cycle numbers in
Fig. 1C), Helios was thought to function as heterodimer (rather
than as homodimer) with other family members. We reported
that the Aiolos-deﬁciency caused changes in the expressions of
several genes: bak, caspase-9, ICAD and PKCs (PKC-a, PKC-b, PKC-
d, PKC-e, PKC-Z and PKC-z) [19]. To know inﬂuences of the
Helios-deﬁciency on these gene expressions, we ﬁrst carried out
semiquantitative RT-PCR on total RNAs prepared from Helios/ ,
Aiolos/ and DT40. We analyzed two independent Helios/
clones. The Helios-deﬁciency showed signiﬁcant inﬂuences on
transcriptions of several PKCs: PKC-d (to 330%), PKC-e (to
190%), PKC-Z (to 380%) and PKC-z (to 360%) except for
PKC-a and PKC-b (Fig. 2, Supplementary material Fig. S1), but
insigniﬁcant inﬂuences on those of bak, caspase-9 and ICAD (data
not shown). On the other hand, the Helios-deﬁciency showed
insigniﬁcant inﬂuences on transcription of Ikaros and Aiolos
(Supplementary material Fig. S2). Interestingly, expressions of
these four PKC genes, which were remarkably up-regulated in
Helios/ , were drastically down-regulated in Aiolos/: PKC-d (to
10%), PKC-e (to 35%), PKC-Z (to 25%) and PKC-z (to 20%).
These results were consistent with our previous data [19].
3.3. Resistance against apoptosis induced by PMA/ionomycin
in Helios /
The BCR signaling, which is mimicked by PMA/ionomycin, is
regulated through novel PKCs (mainly PKC-d) and atypical PKC-z,
but not conventional PKCs in DT40 [19,34]. As shown in Fig. 2,
gene expressions of four PKCs (PKC-d, PKC-e, PKC-Z and PKC-z)
were remarkably increased in Helios/ . Therefore, we examined
effects of the PMA/ionomycin treatment on viability of Helios/
and DT40 (Fig. 3A). As expected, the viability of Helios/ , as well
as DT40, remained unchanged in the absence of the two drugs. On
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Helios/ (to 75% by 24 h) was remarkably higher than that of
DT40, which was dramatically reduced (to 45% by 24 h). Next,
we examined inﬂuences of the PMA/ionomycin treatment on DNA
fragmentation, one of typical apoptosis indices (Fig. 3B). DNA
fragmentation was less severe for Helios/ than for DT40 in the
presence of the two drugs at 24 h. These results revealed that the
Helios-deﬁciency suppressed apoptosis of the DT40 cell line
induced by PMA/ionomycin.
It is known that Go6976 preferentially inhibits conventional
PKCs, whereas Rottlerin selectively inhibits novel PKCs (especially
PKC-d) and atypical PKC-z. To know participation of Helios for the
BCR-mediated apoptosis signaling, we treated Helios/ with
each of these two inhibitors in the presence of PMA/ionomycin
for 24 h. Cell death and DNA fragmentation of PMA/ionomycin-
treated Helios/ were signiﬁcantly accerelated by Rottlerin as
compared to Go6976, while these two inhibitors showed insig-
niﬁcant effects on both the viability and DNA fragmentation in
the absence of PMA/ionomycin (Fig. 4).100
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gel electrophoresis. The sizes of l-DNA digested with HindIII are indicated in kb.3.4. Up-regulation of superoxide generating activity in Helios /
We showed that DT40 generates O2
 upon stimulation in a
similar manner to mammalian B lymphocytes [36]. It is well
known that several PKCs are involved in activation of the O2
-
generating system in leukocytes [39]. Especially, PKC-d is
required for both full assembly of the O2
-generating system
and activation of the respiratory burst [39–42]. Therefore, we
examined effects of the Helios-deﬁciency on the O2
-generating
activity. As expected, the O2
-generating activity in Helios/
increased more than 4-fold compared to DT40 (Fig. 5A). Next, to
know the participation of PKC-d on the increased O2-generating
activity, we treated Helios/ and DT40 with PMA in the absence
or presence of Rottlerin. The drastic inhibition by Rottlerin of the
O2
-generating activity in DT40 revealed that the O2
-generating
activity was preferentially regulated by PKC-d (Fig. 5B). Similarly,
the increased O2
-generating activity in Helios/ was signiﬁ-
cantly reduced by Rottlerin. On the other hand, the Helios-
deﬁciency showed insigniﬁcant inﬂuences on transcriptions ofkb)
3.1
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2 3.
.56
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Fig. 5. Inﬂuences of the Helios-deﬁciency on the O2
-generating activity. (A) DT40 (circles), clones-1 (squares) and -2 (triangles) of Helios/ were stimulated by 200 ng/ml
PMA at 37 1C, and PMA-induced chemiluminescences were monitored up to 15 min by TD-20/20 luminometer (Promega, Madison, WI, USA). Data represent the average of
three separate experiments; error bars indicated standard deviation. (B) Effects of Rottlerin on the O2
-generating activity. DT40 and Helios / were stimulated by 200 ng/
ml PMA at 37 1C in the absence (open bars) or presence (gray bars) of 10 mM Rottlerin. PMA-induced chemiluminescences were measured at 15 min poststimulation by
TD-20/20 luminometer. Data represent the average of three separate experiments; error bars indicated standard deviation. **Po0.01 indicates signiﬁcant difference
compared with the data in the absence of Rottlerin.
H. Kikuchi et al. / Results in Immunology 1 (2011) 88–9492four essential genes of the O2
-generating system; p22-phox,
gp91-phox, p47-phox and p67-phox (data not shown).4. Discussion
In this study, we propose a new role of Helios in the BCR-
mediated apoptosis and O2
-generating activity in immature B
lymphocytes. Lymphocyte development requires numerous tran-
scription factors [1–8]. Among them, Ikaros family proteins with
zinc ﬁnger motif are essential for normal lymphoid cell differ-
entiation and proliferation [5,6,9,10]. For example, lack of Ikaros
in the hematopoietic cells leads to complete block in differentia-
tion to both B and T lymphocytes [21]. In addition, their
abnormalities cause several lymphoid malignancies such as
leukemias and lymphomas [6,11–13]. Helios, one of the Ikaros
family proteins, is preferentially expressed in T lymphocytes
[9,20–23]. Moreover, transgenic expression of Helios in B lym-
phocytes alters their properties and promotes lymphomagenesis,
suggesting that silencing of Helios is critical for normal function
of B lymphocytes [24]. In agreement with previous reports in B
lymphocytes [9,25,29], the steady-state level of Helios mRNA was
very low in DT40 (see many PCR cycle numbers in Fig. 1C).
On the other hand, Ikaros family proteins are generally known
to be dimerized with other family members or themselves [9].
The Helios gene is transcribed as various isoforms by alternative
splicing in a similar manner as other Ikaros family proteins
[9,13,25]. The short forms lacking the zinc-ﬁnger motif can
behave as dominant negative isoforms upon heterodimerization
[9,13]. Since Helios is able to heterodimerize with Ikaros or Aiolos
[9,20,22], we thought that Helios plays a role as a modulator of
other Ikaros family proteins, in spite of its very low levels in B
lymphocytes. However, little is known about the physiological
function of Helios in B lymphocytes.
Using gene targeting techniques in DT40, we could study the
physiological functions of various genes in immature B lympho-
cytes without the inﬂuences of other developmental stages,
unlike knock-out mice. To clarify in vivo roles of Helios in
immature B lymphocytes, we ﬁrst generated homozygous DT40
mutant, Helios/ , devoid of two alleles of the Helios gene (Fig. 1).
Aiolos-deﬁciency caused alterations in the expressions of several
genes: bak, caspase-9, inhibitor of CAD and PKCs (PKC-a, PKC-b,PKC-d, PKC-e, PKC-Z and PKC-z) [19]. In order to examine
whether or not Helios participates in the expressions of these
genes, we ﬁrst carried out semiquantitative RT-PCR on total
RNAs prepared from Helios/ , Aiolos/ and DT40. Interestingly,
the Helios-deﬁciency caused signiﬁcant increases in transcription
of four PKCs: PKC-d (to 330%), PKC-e (to 190%), PKC-Z
(to 380%) and PKC-z (to 360%), but their expressions were
drastically down-regulated in Aiolos/: PKC-d (to 10%), PKC-e
(to 35%), PKC-Z (to 25%) and PKC-z (to 20%) (Fig. 2). These
results suggest that Helios negatively regulates the expressions of
these four PKC genes, which are up-regulated by Aiolos. Next, we
examined effects of the PMA/ionomycin treatment on viability
and DNA fragmentation of Helios/ and DT40, since PKCs
(especially PKC-d) are involved in the BCR-mediated apoptosis
[19,34]. Because the expressions of surface IgM (the major
component of BCR) were often altered in DT40 mutants [32], in
our studies on the BCR-mediated apoptosis [19,34,35], we have
used PMA/ionomycin treatment which bypasses the BCR-prox-
imal signaling and is not inﬂuenced by the amounts of surface
IgM, as a surrogate of self-antigen. The Helios-deﬁciency remark-
ably led to the suppression of the induced apoptosis of DT40
treated with the PMA/ionomycin (Fig. 3). Notably, the lack of
Aiolos caused drastic decreases in the gene expressions of four
PKC (PKC-d, PKC-e, PKC-Z and PKC-z) and accelerated the PMA/
ionomycin-induced apoptosis of DT40 cells [19]. Therefore, to
know participations of PKCs in the PMA/ionomycin-mediated
apoptosis signaling of Helios/ , we treated Helios/ with
Go6976 (for conventional PKCs) or Rottlerin (for novel and
atypical PKCs, mainly PKC-d) in the presence of PMA/ionomycin.
As expected, apoptosis of PMA/ionomycin-treated Helios/ was
signiﬁcantly accerelated by Rottlerin as compared to Go6976
(Fig. 4). These results suggest that a certain resistance for the
BCR-mediated apoptosis in Helios/ is preferentially brought via the
four PKCs (mainly PKC-d, and probably PKC-e, PKC-Z and PKC-z),
which were remarkably up-regulated in Helios/. In addition, the
Helios-deﬁciency caused remarkable increase in the O2
-generating
activity (Fig. 5A), although expressions of essential genes of the O2
-
generating system (p22-phox, gp91-phox, p47-phox and p67-phox)
were unchanged in Helios/ (data not shown). As expected from
ﬁndings that PKC-d was required for full assembly of the O2-
generating system and O2
-generation [39–42], the enhanced O2
-
generating activity in Helios/ was remarkably inhibited by
H. Kikuchi et al. / Results in Immunology 1 (2011) 88–94 93Rottlerin (Fig. 5B). These results revealed that the remarkable effect of
the Helios-deﬁciency on the gene expression of PKC-d (Fig. 2)
probably resulted in the up-regulation of the O2
-generating activity.
Our results in this study reveal that Helios may contribute to
the regulation of the BCR-mediated apoptosis and the O2
-gen-
erating activity via transcriptional regulation of PKCs in immature
B lymphocytes, probably by inhibiting Aiolos functions. As the
Helios-deﬁciency showed insigniﬁcant inﬂuences on transcription
of Ikaros and Aiolos (Supplementary material Fig. S2), Helios
would not regulate gene expressions of other Ikaros family
members. Unfortunately, we could not study interactions of
Helios protein with other Ikaros family proteins, due to lack of
appropriate antibody. The interactions should be elucidated in the
future. Very recently, it was reported that Helios controls the
expression of SH2-containing inositol 5-phosphatase by the con-
certed action with Ikaros in DT40 [29]. Combined with these
results, our ﬁndings suggest that Helios plays important roles in
immature B lymphocytes through cooperation with other Ikaros
family proteins. However, more accurate functions of Helios in
immature B lymphocytes should be elucidated in the future,
because there are some serious problems caused by both levels
and complexities of expressions of Ikaros family proteins includ-
ing Helios and their various isoforms. Albeit, our results, together
with previous results, may signiﬁcantly help in the understanding
of the B lymphocyte-speciﬁc mechanisms of PKC gene expres-
sions and molecular mechanisms of the BCR-mediated apoptosis
involved in negative selection as in auto-immune diseases and
leukemias/lymphomas.Acknowledgments
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